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he timing of oligodendrocyte differentiation is thought to depend on both intracellular mechanisms and extracellular
ignals. Thyroid hormone (TH) helps control this timing both in vitro and in vivo, but it is still uncertain how it does so.
TH acts through nuclear receptors that are encoded by two genes, TRa and TRb. Previous studies suggested that TRb
receptors may mediate the effect of TH on oligodendrocyte precursor cells (OPCs). Consistent with this possibility, we show
here that overexpression of TRb1 promotes precocious oligodendrocyte differentiation, whereas expression of two
dominant-negative forms of TRb1 greatly delays differentiation. Surprisingly, however, we find that postnatal TRb2/2
ice have a normal number of oligodendrocytes in their optic nerves and that TRb2/2 OPCs stop dividing and differentiate
ormally in response to TH in vitro. Moreover, we find that OPCs do not express TRb1 or TRb2 mRNAs, whereas they do
express TRa1 and TRa2 mRNAs. These findings suggest that a receptors mediate the effect of TH on the timing of
oligodendrocyte differentiation. We also show that TRa2 mRNA, which encodes a dominant-negative form of TRa,
ecreases as OPCs proliferate in vitro and in vivo. This decrease may help control when oligodendrocyte precursors
differentiate. © 2001 Academic Pressn
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In many vertebrate cell lineages, precursor cells divide a
limited number of times before they stop proliferating and
terminally differentiate. It is not known what limits cell
proliferation and causes the cells to stop dividing and
differentiate when they do. The stopping mechanisms are
important because they influence both the timing of cell
differentiation and the number of differentiated cells gen-
erated.
We have been studying the stopping mechanism in the
oligodendrocyte cell lineage in the rodent optic nerve.
Oligodendrocyte precursor cells (OPCs) migrate from the
brain into the developing rat optic nerve just before birth
(Small et al., 1987). After a period of proliferation, they stop
dividing and terminally differentiate into oligodendrocytes
(Temple and Raff, 1986), which myelinate the axons in the
1 N.B. and Y.T. contributed equally to this work.
2 To whom correspondence should be addressed. Fax:0442076797805. E-mail: n.billon@ucl.ac.uk.
110erve. The first oligodendrocytes appear in the nerve
round birth and then increase in number for the next 6
eeks (Barres et al., 1992; Miller et al., 1985; Skoff et al.,
1976).
The normal timing of oligodendrocyte differentiation can
be reconstituted in cultures of perinatal rat optic nerve
cells, as long as the OPCs are stimulated to proliferate by
either astrocytes (Raff et al., 1985) or platelet-derived
growth factor (PDGF) (Raff et al., 1988), and hydrophobic
ignals such as thyroid hormone (TH) or retinoic acid are
resent (Ahlgren et al., 1997; Barres et al., 1994; Gao et al.,
1998). Clonal analyses in culture show that the progeny of
an individual OPC stop dividing and differentiate at about
the same time, even if separated and cultured in different
microwells, indicating that an intrinsic mechanism oper-
ates in the OPCs to limit their proliferation and initiate
differentiation after a certain period of time or number of
cell divisions (Barres et al., 1994; Temple and Raff, 1986).
The finding that OPCs cultured at 33°C divide more slowly
but stop dividing and differentiate sooner, after fewer divi-
sions, than when they are cultured at 37°C suggests that the
intrinsic mechanism does not operate by counting cell
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111Thyroid Hormone Receptors in Oligodendrocyte Differentiationdivisions but instead measures time in some other way
(Gao et al., 1997).
Although the timing mechanism (timer) is apparently
uilt into each OPC, it depends on extracellular signals to
perate normally. If OPC are cultured in the absence of
DGF, for example, they stop dividing and differentiate
rematurely, regardless of their maturation or whether
ydrophobic signals are present or not (Barres et al., 1994).
In the presence of PDGF but in the absence of hydrophobic
signals, most OPCs keep dividing and do not differentiate
for at least 16 days (Ahlgren et al., 1997; Barres et al., 1994;
Tang et al., 2001); if TH is introduced into these cultures
after 8 days, however, most of the OPC stop dividing and
differentiate within 4 days, indicating that a timing mecha-
nism of some kind continues to run in the absence of
hydrophobic signals. Together, these findings suggest that
the timer consists of at least two components: a timing
component, which depends on PDGF and measures time
independently of hydrophobic signals, and an effector com-
ponent, which is regulated by hydrophobic signals and stops
cell division and initiates differentiation when the timing
component indicates it is time (Barres et al., 1994).
There is abundant evidence that TH plays an important
part in timing oligodendrocyte development in vivo. Myeli-
nation is delayed in hypothyroid animals (Dussault and
Ruel, 1987; Rodriguez-Pena et al., 1993) and is accelerated
in hyperthyroid animals (Marta et al., 1998; Walters and
orell, 1981). Perinatal hypothyroidism decreases the
umber of oligodendrocytes in the rat (Ibarrola et al., 1996)
nd mouse (Ahlgren et al., 1997) optic nerve, and TH
romotes the development of oligodendrocytes in cultures
f developing brain cells (Almazan et al., 1985; Koper et al.,
986). Moreover, TH coordinates the onset of myelination
n the central and peripheral parts of the auditory nerve
Knipper et al., 1998), and it may promote the commitment
of isolated central nervous system (CNS) stem cells to the
oligodendrocyte lineage in vitro (Johe et al., 1996).
While it is clear that TH contributes to timing oligoden-
drocyte development in vitro and in vivo, it is still uncer-
tain how it does so. The effects of TH are mediated by
ligand-regulated transcription factors that belong to the
superfamily of nuclear receptors. Thyroid hormone recep-
tors (TRs) are the products of two genes, TRa and TRb. The
TRa gene encodes a functional TH receptor, TRa1, and two
-terminal variants, TRa2 and TRa3, which do not bind
TH and can act as dominant-negative antagonists in vitro
(Koenig et al., 1988; 1989; Lazar et al., 1988; Mitsuhashi et
al., 1988; Sap et al., 1986; Weinberger et al., 1986). The TRb
gene encodes two N-terminal variants, TRb1 and TRb2,
both of which bind TH and can activate gene transcription
(Hodin et al., 1989; Koenig et al., 1988; Murray et al., 1988;
Wood et al., 1991). TRa1 and the two TRbs all bind TH
with high affinity and recognise identical TH response
elements (TREs) in DNA (Glass, 1994; Lazar, 1993), al-
though they may preferentially activate different target
genes, presumably by interacting with different coregula-
(
Copyright © 2001 by Academic Press. All rightory proteins (Denver et al., 1999; Lezoualc’h et al., 1992;
trait et al., 1992; Zavacki et al., 1993).
The TRa gene is ubiquitously expressed from early in
development, whereas the TRb gene is expressed later in
development and in a more restricted range of tissues,
suggesting that the a and b receptors may have different
functions (Bradley et al., 1992; Forrest et al., 1990; Strait,
1990 #354). This suggestion is supported by gene inactiva-
tion studies in mice: TRa2/2 mice have an abnormal heart
rate and body temperature, whereas TRb2/2 mice have
mpaired hearing and impaired pituitary function (Forrest et
l., 1996a,b; Fraichard et al., 1997; Wikstrom et al., 1998).
ice deficient in both a and b TH receptors show more
abnormalities than the sum of the abnormalities seen in the
TRa2/2 and TRb2/2 mice, suggesting that the two classes
f receptors either cooperate in some of their functions or
an substitute for each other, or both (Gauthier et al., 1999;
othe et al., 1999).
Although there is general agreement that both OPCs and
ligodendrocytes express TRa and that oligodendrocytes
xpress TRb (Baas et al., 1994a,b; Carlson et al., 1994; Carre
et al., 1998; Fierro-Renoy et al., 1995), there is still uncer-
ainty about whether OPCs express TRb. Three studies
ailed to detect TRb1 mRNA in OPCs in mixed brain cell
ultures (Baas et al., 1994a,b; Carre et al., 1998), while
immunohistochemical studies detected TRb1 (Gao et al.,
1998; Kondo and Raff, 2000a) and TRb2 (Barres et al., 1994)
proteins in cultures of purified optic nerve OPCs. The
intensity of the anti-TRb staining was found to increase
with developmental age of the OPCs, in parallel with the
increase in their sensitivity to the effector-triggering effects
of TH, suggesting that the increase in TRb might be part of
he intrinsic timer in these cells. In the present study, we
ave used retrovirus-mediated gene transfer, TRb2/2 mice,
nd RT-PCR to investigate the role of the different types of
Rs in OPC differentiation. Although we expected to
onfirm a role for b receptors in timing OPC differentiation,
ur findings seem to exclude such a role. Instead, they
uggest that a progressive decrease in the inhibitory recep-
or TRa2 may be part of the timer, allowing TH to trigger
he effector component through TRa1.
MATERIALS AND METHODS
Purification and Culture of OPCs
Sprague/Dawley rats were obtained from the breeding colony of
University College London. All chemicals were from Sigma unless
otherwise indicated. Optic nerves were removed from P5–P7 rats
and dissociated as previously described (Barres et al., 1992). OPCs
ere purified to .99% purity by sequential immunopanning as
escribed previously (Barres et al., 1992). The cells were plated on
oly-D-lysine (PDL)-coated tissue culture flasks (Falcon) and cul-
ured for 2 days in 8% CO2 at 37°C in a modified Bottenstein–Sato
medium (Bottenstein et al., 1979), containing insulin (10 mg/ml),
DGF-AA (Prepotech, 10 ng/ml), NT3 (5 ng/ml), human transferin
100 mg/ml), BSA (100 mg/ml), progesterone (60 ng/ml), sodium
selenite (40 ng/ml), N-acetyl-cysteine (60 mg/ml), putrescine (16
s of reproduction in any form reserved.
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112 Billon et al.mg/ml), forskolin (5 mM), biotin (10 ng/ml), and penicillin-
treptomycin-glutamine (Gibco-BRL).
TRb1 Retrovirus Vectors
To identify transfected cells, we used the BabeG vector, which
encodes enhanced green fluorescent protein (GFP), driven by the
SV40 early promoter (Kondo and Raff, 2000b). To overexpress
TRb1, we cloned a cDNA encoding human TRb1 protein into the
BabeG vector to create BabeG-TRb1, which encodes the TRb1
transgene under the control of the Moloney murine leukemia virus
long terminal repeat promoter, as well as GFP. We also cloned two
dominant-negative TRb1 cDNAs into the BabeG vector—one
encoding the deletion mutant TRb1, “delta,” lacking residues
448–456, and the other encoding the frame-shift mutant TRb1,
fs,” creating BabeG-delta and BabeG-fs, respectively. These mu-
ant proteins cannot bind TH but are able to dimerize and bind to
NA (Adams et al., 1994; Chatterjee et al., 1991). Recombinant
etroviruses were produced and concentrated as previously de-
cribed (Kondo and Raff, 2000b).
Infection with Retroviral Vectors
P5 mixed optic nerve cells were prepared and cultured as above.
After 2 days, the cells were infected with concentrated retroviral
supernatant for 3 h, then washed and removed from the culture
flask with trypsin. OPCs were then purified as above and replated
at clonal density in the presence of PDGF and the absence of TH.
After 5 days, TH (triiodothyronine) was added at 40 ng/ml, and the
percentage of GFP1 cells that had differentiated into oligodendro-
cytes was determined at different time points, using morphological
criteria. The percentage of oligodendrocytes was confirmed by
staining the cells with anti-galactocerebroside (GC) antibody, as
described below. The cells were examined in a Leica inverted
fluorescence microscope.
Mouse Optic Nerve Cultures
The TRb2/2 mice and congenic wild-type C57Bl/6 mice were
roduced as previously described (Forrest et al., 1996b). They were
red at the animal facility at University College London. Optic
erves were removed from P0–P12 mice and dissociated as above.
he cells were cultured on either PDL-coated glass coverslips or
unc slide flasks and grown in the same medium described above,
xcept that forskolin was used at 15 mM and the medium was
supplemented with the cyclic nucleotide phosphodiesterase inhib-
itor IBMX (100 mM) and the nonhydrolysable cyclic AMP analogue
CPT (200 mM) to increase cyclic AMP levels and thereby improve
ell survival. The cells on coverslips were stained for GC (as
escribed below) after 2 h. The cells on slide flasks were cultured
or 3 days in the presence of PDGF, without TH, and then treated
ith PDGF, PDGF and TH, or PDGF and retinoic acid (all-trans, 1
mM) for an additional 3 days. They were then stained for GC.
Immunocytochemistry
Cultures were fixed in 2% paraformaldehyde in PBS for 5 min at
room temperature. After washing with PBS, cells were incubated
for 30 min in normal goat serum to block nonspecific staining.
They were then incubated for 1 h in monoclonal anti-GC antibody
(Ranscht et al., 1982) (supernatant, diluted 1/5), washed in PBS, and
incubated for 1 h in a mixture of FITC- or TR-coupled goat h
Copyright © 2001 by Academic Press. All rightanti-mouse IgG3 antibodies (Nordic, diluted 1/100) and bisbenz-
amide (Sigma, 5 ng/ml). Coverslips were mounted in Citifluor
mounting medium (CitiFluor, U.K.) and examined with a Zeiss
Axioskop fluorescence microscope.
RT-PCR Analysis
Purified P7 OPCs were cultured in PDL-coated Falcon tissue
culture flasks for different times in PDGF without TH. They were
then either harvested with trypsin and processed immediately for
RT-PCR analysis or first repurified by removing any spontaneously
differentiated oligodendrocytes on an anti-GC antibody panning
dish. Poly(A)1 mRNA was prepared by using a QuickPrep Micro
mRNA Purification kit (Pharmacia Biotech), and cDNA synthesis
was carried out by using a SMART PCR cDNA Synthesis kit
(Clontech Laboratories), each according to the suppliers’ instruc-
tions. The PCR-amplified total cDNA was used as the template for
the RT-PCR. Before performing the PCR, the amplified cDNA
samples were all electrophoresed on the same 1% agarose gel,
stained with ethidium bromide (EtBr, 0.4 mg/ml), and normalised
ccording to the intensity of staining.
The following oligonucleotide DNA primers were synthesised.
or TRa gene variants, the common 59 primer was 59-TG-
GCAAGTCACTCTCTGC-39. TRa1-specific 39 primer was 59-
TCCTGATCCTCAAAGACCTC-39. TRa2-specific 39 primer was
9-CAAACTGCTGCTCAAGCTGC-39. For TRb gene variants, the
ommon 39 primer, B3, was 59-CAGCCTTCACAGGTGATGC-39.
Rb1-specific 59 primer was 59-AATGTCCGAAGCCTGCCTG-39.
For the detection of TRb2 mRNA, three independent 59 primers
were used: 59-CTGCGATGTCCAAGCTGTG-39 and 59-AAG-
CTGTGCCCGGTAGCAG-39 were used in Fig. 5; another RT-PCR
primer set, which was used by others to detect TRb2 mRNA in
onneural organs (Schwartz et al., 1994), was also used for TRb2:
the 59 primer was 59-GAAGAAAAGCCTTTTCCTCA-39 and the
39 primer was 59-TATCAGCTTCCTCTTGGCTAG-39. For myelin
basic protein (MBP), the 59 primer was 59-AAGTACTTGGC-
CACAGCAAG-39, and the 39 primer was 59-CAGAGCGGCTG-
TCTCTTC-39. For glyceraldehyde-3-phosphate dehydrogenase
(G3PDH), the 59 primer was 59-ACCACAGTCCATGCCATCAC-
39, and the 39 primer was 59-TCCACCACCCTGTTGCTGTA-39.
All primers were dissolved in TE buffer. The RT-PCRs were carried
out in 25 ml of reaction mixture containing 200 pg of PCR-
mplified total cDNA as template, 300 nM 59 PCR primer, 300 nM
9 PCR primer, 0.2 mM dNTP, 1.25 mM MgCl2, 10 mM Tris–HCl
(pH 9.0), 50 mM KCl, 0.1% Triton X-100, and 1.25 units of Taq
DNA polymerase (Promega). The reaction mixture was denatured
for 1 min at 94°C. The PCR was then started, using 94°C for 10 s for
the denaturing step, 53°C for 30 s for the annealing step, and 72°C
for 1 min for the elongation step. The PCR products were electro-
phoresed in 2% agarose gel and stained with EtBr. The number of
PCR cycles are given in the relevant figure legends.
RESULTS
Overexpression of TRb1 Accelerates TH-Induced
Differentiation of Purified Rat OPCs
If a progressive increase in TRbs is part of the timing
echanism that enables TH to trigger cell-cycle with-
rawal and differentiation as proliferating OPCs mature, as
as been proposed (Barres et al., 1994; Gao et al., 1998), then
s of reproduction in any form reserved.
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113Thyroid Hormone Receptors in Oligodendrocyte Differentiationpremature expression of TRb might be expected to acceler-
ate the timer. To test this proposal, we isolated cells from
postnatal day 5 (P5) rat optic nerve and infected them with
either a control retroviral vector (BabeG), which encodes
GFP only, or a retroviral vector that encodes both GFP and
TRb1 (BabeG-TRb1). We then purified the OPCs by sequen-
tial immunopanning as previously described (Barres et al.,
1992) and expanded them in serum-free medium containing
PDGF but not TH. After 5 days, the cells were either kept in
PDGF alone or switched to PDGF plus TH to induce their
differentiation. After various periods of time, we examined
the cells in an inverted fluorescecence microscope to deter-
mine the percentage of GFP1 cells that had acquired the
characteristic morphological features of oligodendrocytes
(Temple and Raff, 1986). The proportion of differentiated
oligodendrocytes was confirmed by staining the cells for
galactocerebroside (GC) (not shown).
As can be seen in Fig. 1A, TRb1 overexpression did not
ignificantly affect the spontaneous differentiation rate of
PCs in the absence of TH. In the presence of TH, however,
t accelerated oligodendrocyte differentiation: after 2 days
n the presence of TH (7 days postinfection), for example,
bout 30% of BabeG-infected cells had differentiated into
ligodendrocytes, whereas .55% of the BabeG-TRb1-
infected cells had differentiated (Fig. 1B). Thus, TRb1 over-
xpression promoted precocious oligodendrocyte differen-
iation in the presence of TH, suggesting that TRs are
FIG. 1. Effect of expression of wild-type TRb1 transgene on the ti
ixed rat optic nerve cell cultures with either control BabeG or Ba
in PDGF without TH. They were then either left in PDGF (A) or s
of infected GFP1 cells that had the characteristic morphology of ol
microscope. Similar results were obtained when the oligodendr
antibody. Results are expressed as mean 6 SD of cultures from tw
with similar results.ormally limiting for this TH response. The result is o
Copyright © 2001 by Academic Press. All rightonsistent with the possibility that an increase in TRb1
protein in developing OPCs normally plays a part in timing
OPC differentiation (Gao et al., 1998).
Overexpression of Dominant-Negative TRb1
roteins Inhibits TH-Induced Differentiation
If a progressive increase in TRbs is part of the timer in
OPCs, then the expression of dominant-negative forms of
these receptors should delay differentiation. We therefore
repeated the experiments just described but used retroviral
vectors that encode dominant-negative forms of TRb1,
which do not bind TH but can still dimerize and bind to
DNA. One form (TRb1-delta) lacks amino-acids 448–456.
The other (TRb1-fs) is a frame-shift mutant. As shown in
Fig. 2, overexpression of either mutant receptor had little
effect on spontaneous differentiation in the absence of TH
(Fig. 2A), but delayed differentiation in the presence of TH
(Fig. 2B).
Although these gain- and loss-of-function experiments
are consistent with a role for TRbs in timing OPC differen-
iation, they do not establish such a role. The extra wild-
ype TRb protein could be taking over a function normally
carried out by TRa1, and the dominant-negative TRbs
could inhibit the function of TRa1, as well as the function
of oligodendrocyte differentiation in vitro. OPCs were infected in
TRb1 retroviral vectors and then purified and expanded for 5 days
ed to PDGF and TH to induce differentiation (B). The percentage
ndrocytes was scored at various times in an inverted fluorescence
s were identified by staining with anti-galactocerebroside (GC)
ependent experiments. The experiment was repeated three timesming
beG-
witch
igode
ocytef TRbs. We therefore studied OPCs from TRb2/2 mice.
s of reproduction in any form reserved.
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114 Billon et al.Oligodendrocyte Differentiation Is Apparently
Normal in TRb2/2 Mouse Optic Nerve
If the timing of OPC differentiation normally depends on
TRb receptors, one would expect oligodendrocyte develop-
ment to be delayed in TRb2/2 mice. We therefore com-
ared the number of oligodendrocytes in the optic nerves of
ild-type (WT) and TRb2/2 mice. We dissociated optic
erve cells at various times after birth and counted both the
otal number of cells and the number of differentiated
ligodendrocytes, identified by staining with an anti-GC
ntibody (Ranscht et al., 1982). At each time point, there
as no significant difference between the wild-type and
Rb2/2 optic nerves in either the total number of cells
solated (not shown), or in the proportion of GC1 oligoden-
rocytes (Fig. 3). Thus, oligodendrocyte numbers apparently
ncrease normally in the optic nerve in the absence of TRbs,
at least during the first 10 days postnatally.
TH Can Trigger TRb-Deficient OPCs to
Differentiate
Studies on the timing of oligodendrocyte differentiation
in vitro have mainly been carried out on OPCs purified
from the perinatal rat optic nerve. Mouse OPCs are more
difficult to identify, purify, and culture (Durand et al.,
1998). For this reason, we cultured mixed P7 mouse optic
nerve cells in the presence of PDGF and the absence of TH
for 3 days and supplemented the culture medium with
several agents that increase intracellular cAMP to improve
cell survival. We then changed the medium to one contain-
FIG. 2. Effect of expression of dominant-negative forms of TRb1
nfected in mixed rat optic nerve cell cultures with either control Ba
cored as in Fig. 1. The experiment was repeated three times withon the timing of oligodendrocyte differentiation in vitro. OPCs wereing PDGF, PDGF and TH, or PDGF and retinoic acid;
t
e
Copyright © 2001 by Academic Press. All rightFIG. 3. Comparison of oligodendrocyte development in the optic
nerve of wild-type and TRb2/2 mice. For each time point, optic
nerve cells were isolated from wild-type (WT) or TRb2/2 mice,
ounted, and cultured on polylysine-coated coverslips for 2 h. The
ells were then fixed and stained for GC to identify oligodendro-
ytes, and the proportion of oligodendrocytes was determined.
etween 5 and 15 pups were analysed for each time point and
enotype. Each pair of optic nerves was processed separately, and
wo coverslips were counted per experiment. The results are
xpressed as the mean 6 SEM of at least five experiments.
s of reproduction in any form reserved.
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115Thyroid Hormone Receptors in Oligodendrocyte Differentiationretinoic acid has been shown to be able to substitute for TH
in promoting oligodendrocyte differentiation in cultures of
purified rat OPCs (Barres et al., 1994). After 3 days, we
stained the cultures with an anti-GC antibody to determine
the proportion of oligodendrocytes. As shown in Fig. 4, both
TH and retinoic acid stimulated oligodendrocyte differen-
tiation to a similar extent in wild-type and TRb2/2 cul-
ures. Thus, TRbs do not seem to be required for TH to
promote OPC differentiation in vitro.
Rat Optic Nerve OPCs Express TRa1 mRNA but
ot TRb1 or TRb2 mRNAs
In previous studies, antibodies against TRb1 and TRb2
stained purified rat optic nerve OPCs, and this staining
increased with time as OPCs proliferated (Barres et al.,
1994; Gao et al., 1998; Kondo and Raff, 2000a). Our present
findings, and those of others (Baas et al., 1994a,b; Carre et
al., 1998), prompted us to examine the expression of TRa
and TRb mRNAs in purified rat OPCs, using semiquanti-
ative RT-PCR. As shown in Fig. 5, we could detect TRb1,
TRa1, and TRa2 mRNAs in OPCs that were purified from
P7 rat optic nerves and expanded for 10 days in the presence
of PDGF and the absence of TH (lane 1). By contrast, we
could not detect TRb2 mRNA in these cultures, even
hough we could readily detect it in extracts of various
issues, including P5 brain (lane 3); we tried four different
ets of RT-PCR primers and increased the PCR cycle
FIG. 4. Effect of TH and retinoic acid on OPC differentiation in
mixed optic nerve cell cultures from wild-type and TRb2/2 mice.
7 Optic nerve cells were isolated and cultured in slide flasks for 3
ays in PDGF without TH. They were then either kept in PDGF or
witched to PDGF 1 TH or PDGF 1 retinoic acid (RA) for 3 days,
before they were stained for GC. The results are expressed as the
mean 6 SD of at least three experiments. The total number of cells
isolated per nerve was not significantly different between wild-type
and TRb2/2 nerves at each age (not shown).umber to 65 and could still not detect TRb2 mRNA (not f
Copyright © 2001 by Academic Press. All righthown). Thus, optic nerve OPCs seem not to express TRb2,
t least in vitro.
Because a small proportion of OPCs spontaneously differ-
ntiate in culture in the absence of TH (Gao et al., 1997;
barrola et al., 1996), we were concerned that the TRb1
mRNA in our OPC cultures may have come from contami-
nating oligodendrocytes. Indeed, in our OPC cultures, we
could detect mRNA that encoded myelin basic protein
(MBP), which is expressed by differentiated oligodendro-
cytes but not by OPCs (Fig. 5, lane 1). We therefore removed
the contaminating oligodendrocytes from these 10-day-old
cultures by negative immunopanning with anti-GC anti-
body, before performing the RT-PCR analysis. As shown in
Fig. 5, lane 2, MBP, TRb1, and TRa2 mRNAs were no longer
etectable after this procedure, whereas the levels of TRa1
and G3PDH (used as a control) mRNAs were unchanged.
Thus, the MBP, TRb1, and TRa2 mRNAs in our 10-day-old
ultures almost certainly reflected the presence of sponta-
eously differentiated oligodendrocytes.
TRa2 mRNA Decreases as OPCs Proliferate in
ulture and in Vivo
To determine whether the expression of TRa changes as
OPCs proliferate in vitro, we cultured purified P7 OPCs for
different times in the presence of PDGF and the absence of
TH. We eliminated contaminating oligodendrocytes by
immunopanning with anti-GC antibody before the RT-PCR
analysis. As shown in Fig. 6, TRa1 mRNA remained con-
tant for the 10-day culture period, whereas TRa2 was
readily detectable after 4 days, but then progressively de-
FIG. 5. RT-PCR analysis of TR mRNAs in purified rat OPCs after
10 days in culture. Purified P7 OPCs were cultured in PDGF
without TH for 10 days. The cells were then either directly
processed for RT-PCR (lane 1) or first repurified by immunopan-
ning on an anti-GC antibody plate to eliminate spontaneously
differentiated oligodendrocytes (lane 2). P5 rat brain cDNA was
used as a positive control (lane 3). PCR cycle numbers were 33 for
TRb1, 40 for TRb2, 30 for TRa1, 30 for TRa2, 26 for MBP, and 22
or G3PDH.
s of reproduction in any form reserved.
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116 Billon et al.creased and was undetectable by 10 days; we could not
detect TRb1 mRNA in OPCs at any time point. As TRa2 is
thought to inhibit the function of TRa1, its progressive
ecrease would be expected to result in a progressive
ncrease in TRa1-dependent TH signaling.
To determine whether TRa2 mRNA also decreases as
OPCs proliferate in vivo, we studied OPCs freshly purified
from P2 and P6 rat optic nerves, as at these ages we could
obtain OPCs uncontaminated with oligodendrocytes. As
shown in Fig. 7, while TRa1 mRNA levels were the same in
P2 and P6 OPCs, TRa2 mRNA decreased in OPCs between
2 and P6. Thus, TRa2 mRNA progressively decreases as
PCs proliferate both in vitro and in vivo, consistent with
its possible role in timing OPC differentiation.
DISCUSSION
TH has previously been shown to play a role in timing
oligodendrocyte development, both in vitro and in vivo
(Ahlgren et al., 1997; Barres et al., 1994; Dussault and Ruel,
1987; Gao et al., 1998; Ibarrola et al., 1996; Knipper et al.,
1998; Rodriguez-Pena et al., 1993; Walters and Morell,
1981). One way it does so is by acting directly on OPCs to
trigger an effector mechanism that stops cell division and
initiates differentiation when an intrinsic timing mecha-
nism in the OPCs indicates it is time (Barres et al., 1994).
The first OPCs in the rat optic nerve become sensitive to
this triggering effect of TH on the day of birth (Gao et al.,
1998). In rodents, thyroid gland becomes active around the
time of birth, and TH levels progressively increase during
the first weeks of postnatal life (Dussault and Ruel, 1987).
FIG. 6. RT-PCR analysis of TR mRNAs in purified rat OPCs after
various times in culture. Purified P7 OPCs were cultured in slide
flasks for 4, 6, 8, or 10 days in PDGF without TH. The spontane-
ously differentiated oligodendrocytes were removed by immuno-
panning on an anti-GC antibody plate before the PCR analysis was
performed. PCR cycle numbers were 33 for TRb1, 32 for TRa1, 35
for TRa2, 28 for MBP, and 22 for G3PDH.Thus, TH is well suited to coordinate events such as
P
2
Copyright © 2001 by Academic Press. All rightoligodendrocyte differentiation, that occur during this pe-
riod. TH has been shown to trigger myelin protein gene
expression coordinately in Schwann cells and oligodendro-
cytes in the auditory nerve prior to cochlear function,
perhaps ensuring that conduction rates are high in this
nerve when hearing begins (Knipper et al., 1998). Therefore,
TH apparently helps to coordinate some of the events of
postnatal mammalian development, just as it orchestrates
the events of amphibian metamorphosis (Shi et al., 1996;
Wang and Brown, 1993). It seems likely that other hor-
mones also help coordinate the timing of differentiation by
regulating similar hormone-dependent intrinsic timers.
Several lines of evidence previously suggested that TRbs
may mediate the differentiation-inducing effects of TH on
optic nerve OPCs. First, indirect immunofluorescence ex-
periments suggested that rat optic nerve OPCs express TRb
proteins, including TRb2 (Barres et al., 1994), and TRb1
(Gao et al., 1998; Kondo and Raff, 2000a). Second, the
intensity of staining with anti-TRb2 antibodies was greater
in P14 OPCs than in P1 OPCs (Barres et al., 1994). Third,
the intensity of staining using a monoclonal anti-TRb1
antibody increased in cultured OPCs in parallel with their
sensitivity to the differentiation-triggering effects of TH; in
contrast, staining with anti-TRa antibodies was high from
the start, before the cells become sensitive to TH (Gao et
al., 1998; Kondo and Raff, 2000a).
The transfection experiments we report here are consis-
tent with this role of TRbs in mediating the differentiation-
triggering effects of TH on OPCs. Overexpression of wild-
type TRb1 accelerates the timing of OPC differentiation,
and expression of two types of dominant-negative mutant
TRb proteins delays differentiation. The acceleration of
ifferentiation by TRb1 suggests that TRs are normal
limiting for this response to TH. As both TRa and TRb
proteins bind to the same response elements in DNA and
heterodimerize with RXR proteins to form active gene
FIG. 7. RT-PCR analysis of TRa mRNAs in purified rat OPCs.
CR analysis was performed on OPCs freshly purified from P2 or
6 optic nerves. PCR cycle numbers were 32 for TRa1, 35 for TRa2,
8 for MBP, and 22 for G3PDH.
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117Thyroid Hormone Receptors in Oligodendrocyte Differentiationregulatory complexes, however, these transfection results
do not establish a role for TRbs in normal OPC differentia-
tion, which is why we turned to TRb2/2 mice.
We were surprised to find that the timing of oligodendro-
cyte development in the postnatal TRb2/2 mouse optic
nerve is not significantly different from that in wild-type
optic nerve. Both the time of first appearance and the
progressive increase in oligodendrocyte numbers in the first
10 days postnatally are much the same in the two geno-
types. Moreover, TH promotes differentiation of OPCs into
oligodendrocytes in cultures of neonatal TRb2/2 optic
erve cells to the same extent as it does in cultures of
eonatal wild-type optic nerve cells. Thus, TRbs are clearly
ot required for either the normal timing of oligodendro-
yte development in the optic nerve, or the differentiation-
riggering effects of TH on optic nerve OPCs.
Because it is possible that, in TRb2/2 mice, TRa1 takes
ver some of the functions normally mediated by TRbs
(Gauthier et al., 1999; Gothe et al., 1999), we have gone on
to examine the expression of TRa and TRb mRNAs in
OPCs purified from P7 rat optic nerve. As reported by
others for OPCs in developing brain cell cultures (Baas et
al., 1994a,b; Carre et al., 1998), we find that the levels of
TRa1 mRNA do not change as optic nerve OPCs proliferate
n culture. TRb1 mRNA, by contrast, is barely detectable in
early cultures of purified OPCs but increases as the cells
proliferate, consistent with previous findings that TRb1
protein increases as OPCs proliferate in culture (Gao et al.,
1998). To our surprise, however, all of the TRb1 mRNA in
our cultures is apparently produced by contaminating oli-
godendrocytes that spontaneously differentiate in the ab-
sence of TH, as it is not detected if the oligodendrocytes are
removed by immunopanning prior to the RT-PCR analysis.
Thus, it seems that optic nerve OPCs, like brain OPCs, do
not express detectable levels of TRb1 mRNA (Baas et al.,
1994a,b; Carre et al., 1998). TRb1 mRNA is, however,
readily detectable when OPCs differentiate into oligoden-
drocytes, where it may help mediate the effects of TH on
oligodendrocytes, including the stimulation of myelin-
specific gene expression by TH (reviewed in Dussault and
Ruel, 1987; Rodriguez-Pena, 1999). Consistent with the
findings of Sandhofer et al. (1998), however, we were unable
to detect any difference in MBP expression postnatally in
TRb2/2 mice compared to wild-type mice (unpublished
observation), suggesting that there may be considerable
overlap in TRb and TRa functions in the nervous system.
y contrast, we cannot detect TRb2 mRNA in either OPCs
r oligodendrocytes, even though the same primers readily
etect the mRNA in several tissues (Schwartz et al., 1994).
hus, rat optic nerve OPCs seem not to express detectable
evels of either TRb1 or TRb2 mRNAs, making it very
nlikely that b TH receptors normally mediate the re-
sponses of OPCs to TH.
How can one reconcile the discrepancy between the
previous findings of immunostaining of OPCs with anti-
TRb antibodies and our present failure to detect TRb
mRNAs in these cells? It is possible that the immunostain- t
Copyright © 2001 by Academic Press. All rightng reported was nonspecific, although it was exclusively
uclear, as expected, and it was observed in three different
tudies (albeit all from one laboratory), using four different
ntibodies, including two monoclonal antibodies (Barres et
l., 1994; Gao et al., 1998; Kondo and Raff, 2000a). One
ossible explanation is that OPCs produce novel TRb splice
variants, which are recognised by the anti-TRb antibodies
but are produced from mRNAs that are not recognised by
the TRb1- and TRb2-specific RT-PCR primers used in the
resent study. Consistent with this possibility, two novel
Rb isoforms, TRb3 and TRDb3, have recently been iden-
tified in rat and shown to be expressed in the brain (Wil-
liams, 2000). These proteins, however, have a unique N
terminus and should not have been recognised by the TRb1
and TRb2 antibodies used in the previous studies, all of
which recognised N-terminal epitopes of either TRb1 or
Rb2. Studies of mice with both TRa and TRb genes
inactivated have suggested that there are no other genes
encoding TH receptors in mice (Gauthier et al., 1999; Gothe
et al., 1999). It seems unlikely therefore that the antibodies
were detecting the product(s) of a novel TR gene in rats.
Thus, the discrepancy between the RT-PCR and immuno-
staining results remains a mystery. Althougt TR antibodies
can detect overexpressed TR proteins by Western blotting,
it remains uncertain whether they can reliably detect
endogenous TRs, which are present in very small amounts.
If TRb receptors do not mediate the responses of OPCs to
H, how can we explain the results of our transfection
xperiments? The inhibitory effect of the two dominant-
egative forms of TRb may be explained by their inactiva-
tion of TRa1 function, either directly by binding to TRa1 or
indirectly by binding to and sequestering RXR proteins. The
differentiation-accelerating effect of overexpressed wild-
type TRb1 may be explained by the protein mimicking the
ffect of TRa1, as both proteins can bind to the same
H-response elements in DNA.
If TRa1 mediates the effects of TH on OPCs, and the level
f TRa1 mRNA does not change as OPCs proliferate in
culture, why does the sensitivity of the cells to the
differentiation-triggering effects of TH progressively in-
crease as they proliferate? Our present finding that TRa2
mRNA progressively decreases in OPCs as they proliferate
in culture provides a possible answer. As mentioned earlier,
TRa2 does not bind to TH (Lazar et al., 1989a), but it does
bind to DNA and therefore can counteract TH responses
mediated by TH-binding receptors (TRa1, TRb1, TRb2), at
least in part, by competing with them for TH-response
elements in DNA (Burgos-Trinidad and Koenig, 1999; Katz
and Lazar, 1993). The progressive decrease in TRa2 in OPCs
in culture would thus be expected to cause a progressive
increase in the TH responses mediated by TRa1. Thus,
Ra2 may be part of the intrinsic timing mechanism in
PCs. Consistent with this proposal, we find that, in the
at optic nerve, TRa2 mRNA is expressed at lower levels in
6 OPCs than in P2 OPCs. Thus, the increased sensitivity
f OPCs to the differentiation-triggering effect of TH as
hey maturate both in vitro and in vivo may reflect the
s of reproduction in any form reserved.
T
m
m
c
a
R
T
s
t
fi
s
B
B
B
118 Billon et al.progressive decrease in the inhibitory effect of TRa2 on
Ra1-mediated, TH-dependent transactivation. Analysis of
ice specifically deficient in TRa2 will be necessary to test
this possibility (Forrest and Vennstrom, 2000). Encourag-
ingly, it has been recently reported that mice deficient in
both TRa1 and TRa2 are hypersensitive to TH, whereas
ice only deficient in TRa1 are not, suggesting that TRa2
may exert its dominant-negative activity in vivo (Macchia
et al., 2001).
TRa1 and TRa2 mRNAs are alternatively spliced prod-
ucts of a single gene, and their relative levels of expression
depend on the rate at which the TRa1-specific exon is
spliced out to generate TRa2 mRNA. The regulation of this
process may involve the Rev-ErbA mRNA, which is pro-
duced from the noncoding strand of the TRa gene and is
omplementary to TRa2 but not to TRa1 mRNA (Lazar et
l., 1989b; Miyajima et al., 1989). The accumulation of
ev-ErbA mRNA seems to correlate with an increase in the
Ra1:TRa2 ratio (Lazar et al., 1990). Moreover, Rev-ErbA
equences have been shown to inhibit the splicing reaction
hat generates TRa2 mRNA in vitro (Munroe and Lazar,
1991). Further studies will be needed to determine whether
Rev-ErbA mRNA is responsible for the progressive decrease
of TRa2 mRNA in OPCs as they proliferate.
In summary, previous studies suggested that TRbs are
part of the timing mechanism enabling TH to trigger
cell-cycle withdrawal and differentiation as proliferating
OPCs mature (Barres et al., 1994; Gao et al., 1998). Our
ndings seem to exclude this possibility and suggest in-
tead that TRas mediate the effect of TH on OPCs differ-
entiation. Indeed, our findings suggest that a progressive
decrease in the inhibitory receptor TRa2 may be part of the
timer, allowing TH to trigger the effector component
through TRa1. To our knowledge, this is the first report
suggesting that a change in TRa RNA splicing during
development may influence the responsiveness of precursor
cells to TH. A major challenge now is to discover how this
cell-intrinsic change in splicing is controlled in proliferat-
ing OPCs.
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